E x p erim en ts h av e been carried o u t a t te m p e ra tu re s of 263° C an d higher betw een oxygen adsorbed as ato m s on th e silver c a ta ly st, a n d ethylene, ethylene oxide a n d acetaldehyde.
E x p erim en ts h av e been carried o u t a t te m p e ra tu re s of 263° C an d higher betw een oxygen adsorbed as ato m s on th e silver c a ta ly st, a n d ethylene, ethylene oxide a n d acetaldehyde.
T he course o f reactio n w as followed b y m easuring th e change in pressure, a n d analyses o f th e p ro d u cts w ere m ade b y m icro -fractio n atio n 'o f th e gases a t low tem p eratu res.
In th e reactio n of ethylene w ith a n oxygen-covered c a ta ly st, th e absence o f a n in d u c tio n period in th e pressure-tim e curve show ed th a t oxid atio n of ethylene to carbon dioxide a n d w a te r b y a ro u te n o t th ro u g h ethylene oxide is possible. T he reactio n o f acetald eh y d e w ith th e o xygenated c a ta ly st w as too fa st to m easure.
T he reactions of ethylen e oxide were found to be com plex, an d reactio n occurred b o th w ith th e o xy genated a n d th e clean ca ta ly st. On a clean cata ly st, ethylene oxide w as sim u lta n eously isom erized to acetald eh y d e an d converted back to ethylene a n d adsorbed oxygen; th e acetaldehyde an d adsorbed oxygen th e n reacted to form carbon dioxide a n d w ater.
B o th ethylene oxide a n d acetaldehyde, b u t n o t ethylene, were adsorbed w ith decom position to form a non-volatile lay er on th e cata ly st. This w as com posed of carbon, hydrogen a n d possibly oxygen, com bined in indefinite an d v ary in g proportions.
T he kinetics of th e reactio n betw een ethylene an d th e adsorbed oxygen lay er were m ea sured. T hro u g h o u t th e course of a n y one reaction, th e ra te of o x idation to carbon dioxide was pro p o rtio n al to th e square of th e co n cen tratio n of adsorbed oxygen, b u t th e velocity c o n stan t depended on th e initial co ncentration. The a p p a re n t energy of activ a tio n was 10 kcal.
I t is th o u g h t th a t w hen ethylene reacts w ith a single adsorbed oxygen ato m , ethylene oxide is produced, an d th a t w ith a p a ir of adsorbed oxygen atom s, interm ediates such as form aldehyde are produced w hich re a c t rap id ly to form carbon dioxide a n d w ater.
T h e m e c h a n is m o f th e c a t a ly t ic o x id a t io n o f e t h y le n e
The silver-plated glass-wool catalyst used in this work has a highly extended surface, large enough to enable quantities of gas adsorbed on the surface to be measured easily in a vacuum apparatus by means of a simple mercury manometer. When such an apparatus was set up, it was found th at oxygen was chemisorbed on the silver surface in the atomic state, and that a number of organic substances, and in particular, ethylene, ethylene oxide and acetaldehyde, reacted with this adsorbed oxygen and removed it from the surface.
A study of these reactions has furnished further information about the catalytic oxidation. The evidence points to the process of reaction between gaseous oxygen and ethylene being, first, adsorption of the oxygen as atoms, followed by reaction between the various organic substances and this adsorbed oxygen. The importance of the technique used here is that it enables us to examine these reactions in detail and to disentangle one from the other. On the other hand, the method must be used in conjunction with the other methods, as the reactions disclosed here may not be those mainly concerned when gaseous oxygen is present; for example, this technique would exclude homogeneous reactions and those in which ethylene was adsorbed.
[ 105 ]
Also, there is the possibility th at the major part of the normal reaction between gaseous oxygen and ethylene may take place on a small fraction of the surface-on ' active spots '-whereas the technique used here gives information about the surface as a whole. Despite these possibilities, it is thought that, with the exception of the reversion of ethylene oxide to ethylene and adsorbed oxygen, all the reactions found here play an important part in the normal oxidation; and, by a comparison of velocity constants, it seems that the major part a t least of the surface is engaged in the oxidation. The reactions were carried out by leaving the catalyst in oxygen a t the working temperature for some time in order to let the adsorbed layer form, adsorption and desorption being slow activated processes. The gaseous oxygen was pumped out of the reaction vessel and the gas under examination was admitted. The oxygen with which this reacted was in the form of adsorbed atoms; evidence for this will be presented elsewhere but th at it is adsorbed and not dissolved is shown by the fact th at the amount of oxygen taken up by the catalyst a t a pressure of 100 mm. and a temperature of 263° C is about twenty times as much as th a t calculated for dissolved oxygen under similar conditions from the figures of Steacie & Johnson (1926) .
Apparatus and method
A diagram of the apparatus is shown in figure 1. Ten grams of the silver-plated glass-wool catalyst were contained in the reaction vessel C mounted in an electrically heated furnace; the pressure in the reaction vessel was measured on the mercury manometer Mv In order to prevent water vapour produced in the reaction diffusing to the colder parts of the apparatus, the tubing between the reaction vessel and the tap T2 was made as narrow as possible (2 mm.) consistent with fairly rapid pumping of the reaction vessel; the tubing was also wound with a heating coil. The rate of pumping was such th at the reaction vessel was evacuated from a pressure of ^ atm. to 0-03 mm. pressure in 1 min. The pumping system consisted of a mercury diffusion pump backed by a Hyvac pump; the whole apparatus could be evacuated down to a pressure of 10~6 mm. or less.
The ethylene used was taken from a cylinder and purified by repeated distillation a t liquid-air temperature, the middle third being collected and stored. The ethylene oxide was prepared by oxidation of ethylene in the apparatus described in P art I. Oxygen was generated as required by heating potassium permanganate in the tube P. Impurities such as water and chlorine were removed by passing the gas through the liquid-air trap L, in which the oxygen could also be condensed and stored.
Reactions were carried out as follows. Oxygen a t a pressure of (usually) 100 mm. was left in contact with the catalyst at the reaction temperature for a t least half an hour and usually longer. As is shown elsewhere this gives an adsorbed layer covering about 0-7 of the surface. The reaction vessel was pumped for exactly 1| min. in the case of experiments at 263° C or 1 min. in experiments at higher temperatures. The gas under examination was then admitted, and the course of the reaction with time followed by the change in pressure on the manometer Mv The quantity of gas could be measured elsewhere in the apparatus (in the main vacuum line or the analyser A )before admission to the reaction vessel. After a certain time the contents of the reaction vessel were analysed by passing them into the U-tube B which was cooled in liquid air. Any non-condensable gas was measured on the manometer Mv A n a l y s i s
The mechanism of the catalytic oxidation of ethylene. I I
107
The analyser (figure 1) consists of a bulb A of 130 c.c. capacity to the bottom of which is attached a closed capillary tube D of 1*5 mm. bore. The tube D is covered with two thicknesses of asbestos paper on which is wound a coil of nichrome wire which can carry a small heating current; outside this is more asbestos paper. The gases to be analysed are first condensed by means of liquid air in the U-tube B and the analyser is pumped for a few minutes to remove any non-condensable gas. The gases are allowed to vaporize and then condensed in the tube D by cooling it in liquid air. When D is thoroughly cooled, the liquid air is removed, and D is surrounded with a thick wad of cotton-wool and allowed to warm up slowly; the pressure is measured on the manometer M2 at suitable intervals of time and a step-wise graph of pressure against time is thus obtained. The cotton-wool is removed after most of the ethylene oxide has vaporized and the heating current is started 2 min. later in order to vaporize the water. 
to pumps
This method of analysis has proved very convenient and accurate. A sample analysis with an artificially made up mixture of ethylene, carbon dioxide, ethylene oxide and water is shown in figure 2 . The cotton-wool was removed at A , and the heating current was started at B. Separation of the components of the mixture was always sharp except between carbon dioxide and ethylene oxide, where it was some times found that there was no completely horizontal portion of the curve. From trial mixtures it was found that the midpoint P of the flattened portion of the curve between the carbon dioxide and the ethylene oxide should be taken as their point of separation. The maximum error in the analysis of each component was ± 0 2 mm., except in the case of water which tended to be low when there was much present. F ig u b e 2. S a m p le a n a ly s is b y m ic ro -f ra c tio n a tio n . This method of analysis was capable of separating or detecting all the possible simple compounds th at might be formed in the reaction between ethylene and oxygen. These are listed in table 1 together with their boiling points a t 5, 10, 20 and 760 mm. The quantity of any one substance present was such th at its pressure in the analyser was generally less than 15 mm. From the table it appears th at sub stances should be separable when the boiling points at 5 mm. pressure differ by more than 10° C. Methane and carbon monoxide are non-condensable in liquid air; the remaining substances should fall into the following groups: (a) ethylene and ethane, (6) acetylene and carbon dioxide, (c) formaldehyde, (d) ethylene oxide and acet aldehyde, (e) methyl alcohol, ( /) water, formic and acetic acids. Ethane or acetylene though not accurately measurable would produce a lack of sharpness in the separa tion between ethylene and carbon dioxide; none was found in the reactions examined here. Ethylene oxide and acetaldehyde were indistinguishable. Water would not be separable from formic and acetic acids, but the presence of these acids in any quantity would be shown by a discrepancy in the total carbon analysis. The relationship between the volume of the analyser and that of the reaction vessel was determined at the various reaction temperatures by using ethylene after the catalyst had been deoxygenated; no ethylene is adsorbed on the catalyst under these conditions. In this way a complete analysis of the products of reaction could be made. The mechanism of the catalytic oxidation of . I I
The first point of interest is the smallness of the quantity o f ethylene oxide formed compared with that of the carbon dioxide. To check that this was not due to an anomaly in the catalyst, a mixture of ethylene and gaseous oxygen was allowed to react on the catalyst for 11 min. (experiment 237); the results were in agreement with those of flow experiments. The first three experiments was taken to completion as judged by no further increase in pressure occurring. In experiments 312 and 338 only about half the oxygen was removed from the surface before analysis after 2 min. reaction. The quantity of ethylene oxide is larger than in those experiments in which the reaction was taken to completion, showing that part of the ethylene oxide formed is subsequently destroyed. 
G. H . T w igg
Another feature shown in table 2 is the discrepancy between the carbon and hydrogen analyses. According to the equation C2H4 + 6 0 ada-> 2C 02 + 2H20 , the quantities of carbon dioxide and water formed should be equal, yet in all clean-up experiments the quantity of water was less than that o f C 02 by about 40 %. This feature was never found with ethylene-oxygen mixtures and is not an analytical I l l discrepancy; it appears due to adsorption of hydrogen on the catalyst. The following experiments were made to trace «this discrepancy. The catalyst was oxygenated in the usual way-by leaving it in contact with 100 mm. of oxygen a t 263° C for a sufficient time. After pumping out the reaction vessel for 1| min., a measured quantity of ethylene was admitted and the clean-up allowed to go to completion. The gases were then removed for analysis, and, without further pumping of the reaction vessel, oxygen was put in contact with the catalyst and the temperature raised, being kept a t 340° C for over an hour before cooling back to 263° C. The contents of the reaction vessel were pumped through the trap B (figure 1) immersed in liquid air, and the carbon dioxide and water were separated from the oxygen and analysed. Thus any deposit on the catalyst could be estimated. The results are shown in table 3 (all figures are in pressures of mm. of mercury). The last column gives the total hydrogen analysis, EH 4 = E t + E t0 + |H 20 . The discrepanc carbon dioxide and the water is again seen in the clean-up, but practically all the hydrogen which is lost here is recovered on treatm ent with oxygen. The total analyses for carbon and hydrogen agree with the amount of ethylene put in to the degree of accuracy of measurement. I t appears from experiments 549 and 551 th at there is not much adsorption of carbon; when ethylene is put in contact with the catalyst after it has been cleaned with ethylene, it is not further adsorbed. I t seems probable th a t this carbonaceous deposit arises from ethylene oxide which has been found to be strongly adsorbed and th at ethylene itself is adsorbed only very slightly if at all. The hydrogen left on the catalyst after the clean-up does not appear to be adsorbed as water, since when water was admitted to either a cleaned or oxygenated catalyst none was adsorbed. From the relative quantities of carbon and hydrogen adsorbed (experiments 549 and 551) it seems unlikely that all the hydrogen is associated with the carbon on the catalyst, and it must therefore be present alone on the catalyst; as will be shown later, this catalyst adsorbs hydrogen strongly. It seems probable th at the hydrogen adsorbed here comes from the breakdown of one of the inter mediates between ethylene and carbon dioxide.
The mechanism of the catalytic oxidation of ethylene. I I e x p e rim e n t n u m b e r 548 c le a n -u p 549 o x y g e n tr e a tm e n t p 0E t 56-3 When acetaldehyde was admitted to an oxygenated catalyst, no change in pressure was found. Analysis, however, showed the presence of carbon dioxide and water. This must mean that the oxidation is extremely rapid and must have occurred within the time taken to close the tap to the reaction vessel and read the manometer, i.e. in less than 5 sec. This is to be compared with about 5 min. taken to clean up 90 % of the oxygen with ethylene. This rapid reaction is in accordance with all the other information gained about acetaldehyde.
I t was also found th at acetaldehyde had no further action on a clean catalyst, except th at it was adsorbed to form a deposit on the catalyst, which could be burned off in oxygen. The quantity of deposit was much greater than in the case of ethylene. After the oxygenated catalyst had been treated with acetaldehyde for 6 min. followed by another 6 min. in contact with fresh acetaldehyde, the deposit was burned off in oxygen, and 17-0 mm. of carbon dioxide and more than 7 mm. of water were recovered. This is to be compared with 1*2 mm. of carbon dioxide and 3-8 mm. of water burned off the catalyst after treatm ent with ethylene for 21 min.
The same discrepancy between the amounts of carbon dioxide and water was found as in the case of ethylene. In one experiment on the clean-up by acetaldehyde 9-5 mm. of carbon dioxide and 4*8 mm. of water were obtained; in another, the quantities were 7*4 and 4-6 mm. respectively. Again it would seem th at hydrogen is being adsorbed by the catalyst.
A certain small amount of gas, non-condensable in liquid air, was always formed when acetaldehyde was in contact with the catalyst; this measured about 0*4 mm. after 6 min. I t is probable th at this is a mixture of carbon monoxide and methane from the decomposition of acetaldehyde, CH3. CHO-> CH4 + CO. I t is known th a t acetaldehyde decomposes thermally in this way a t temperatures of the order of 500° C (Hinshelwood & Hutchison 1925) .
(c) Ethylene oxide
Interesting results were obtained with ethylene oxide. When it was put in contact with an oxygen-covered catalyst, the total increase in pressure was much greater than would be expected from the quantity of oxygen on the catalyst. Furthermore, with a deoxygenated catalyst, reaction occurred with an increase in pressure. The cause of this was seen when analysis disclosed ethylene among the products of reaction (table 4). All figures are in mm. pressure of mercury. In the first of these experiments, ethylene oxide was admitted to a catalyst which had been covered with an adsorbed layer of oxygen in the usual manner; the reaction was allowed to proceed for 15 min., when, as judged from there being no further increase in pressure, it had reached completion. In the second experiment, fresh ethylene oxide was admitted to the cleaned catalyst and after 19 min. the reaction had reached completion. The third experiment was similar to the second except that, owing to the greatly reduced activity of the catalyst, the reaction had not reached completion after 20 min. when the analysis was made. In all three cases ethylene is produced. This must come from the ethylene oxide by the reaction C2H 40 -> C2H 4 + Oads-a reversal of the reaction by which ethylene oxide is formed. In experiments 242 and 243, where there is no oxygen on the catalyst initially, this adsorbed oxygen is the only source of oxygen for the produc tion of the carbon dioxide and water. The column headed EtO {A) gives the amount of ethylene oxide and acetaldehyde found a t the end of the experiment-these are indistinguishable by the analytical technique used here. Since the first two reactions have been taken to completion, and since, as has been seen, acetaldehyde is without action on a clean catalyst, the substance fisted under this heading in table 4 must be acetaldehyde alone. In the third experiment, where the reaction is not complete, it is a mixture of ethylene oxide and acetaldehyde. This furnishes another proof of the isomerization of ethylene oxide to acetaldehyde.
G. H . Tw igg
A fairly complete picture is now presented of what happens when ethylene oxide reacts with a deoxygenated catalyst. The following reactions occur on the surface of the catalyst:
C2H 40 -> C 2H 4 + 0 ads.,
CH3. CHO + 50ads -> 2C02 + 2H20 .
P art of the ethylene oxide is decomposed into ethylene and adsorbed oxygen; part isomerizes to acetaldehyde which then reacts with the adsorbed oxygen to produce carbon dioxide and water. This cycle of operations proceeds until all the ethylene oxide is used up, and the products consist finally of ethylene, acetaldehyde, carbon dioxide and water. Since reaction (3) is known to be very fast, the quantity of oxygen present on the catalyst at any time during the experiment is very small. The relative rates of reactions (1) and (2) can be gauged from the fraction of the initial ethylene oxide which has been turned into ethylene. From experiment 242 above, and other experiments, this fraction is somewhat less than one-half. Hence it can be said that the velocity of reaction (1) is of the same order, though slightly slower than that of reaction 2.
When there is only a trace of oxygen adsorbed on the catalyst, as above, all the carbon dioxide will be produced via acetaldehyde. When, however, one starts with an oxygenated catalyst, there is the possibility of an additional reaction-a direct oxidation of ethylene oxide not via acetaldehyde: C2H40 + 50ads -> 2C02 + 2H20.
It is impossible to separate these two reactions with certainty, but assuming that reactions 1 and 2 take place only on the clean silver surface, a qualitative answer can be obtained. If reaction 4 is absent, then the ratio of ethylene to acetaldehyde should be constant, irrespective of whether the surface was originally covered with
The mechanism of the catalytic oxidation of ethylene. oxygen or not. That is, at the completion of reaction, the fraction of the original ethylene oxide which is converted into ethylene should be the same in both cases. If direct oxidation of ethylene oxide occurs, then the amount of ethylene should be less when the catalyst was originally covered with oxygen. In experiment 241 above (oxygen covered catalyst) the fraction of the original ethylene oxide converted to ethylene is 0*43; in experiment 242 (clean catalyst) it is 0-51. In a similar pair of experiments this fraction is 0-37 for an oxygenated catalyst, and 0-41 for a clean catalyst. Thus there is a suggestion th a t a small amount of ethylene oxide is oxidized directly to carbon dioxide and water, although the main route for this oxidation is via acetaldehyde. This direct oxidation can be significant only when the amount of oxygen on the catalyst is large, as its rate is proportional to the oxygen concentration on the surface, whereas th at of the competing reaction is determined by the rate of isomerization, and this is, in all probability, independent of the oxygen concentration. The pressure-time curves for the clean-up of the oxygenated catalyst by ethylene oxide have an unusual shape. In figure 4 the increase in pressure 8p is graphed against time for the reaction of ethylene oxide (a) with an oxygenated catalyst, and (6) with a deoxygenated catalyst. W ith the deoxygenated catalyst, the rate of reaction falls steadily as the ethylene oxide is used up. When there is oxygen initially on the catalyst, however, the rate decreases steadily up to the point P where it increases; after the point of inflexion, the rate again decreases steadily. The most reasonable explanation of this phenomenon is th at up to the point P there is enough oxygen on the surface of the catalyst to oxidize the acetaldehyde as fast as it is formed by isomerization; up to this point, the rate of reaction is controlled by the rate of isomerization, and there is very little free acetaldehyde in the gas phase. At P both the surface oxygen concentration and the acetaldehyde concentration are low, and the rate of reaction is small. After the point P, the acetaldehyde concentra tion begins to build up, and this increase more than compensates for the low adsorbed oxygen concentration, so th at after P there is an increase in rate of reaction. The rate of reaction is now controlled by the rate a t which ethylene oxide is broken down into ethylene and adsorbed oxygen (reaction 1), and decreases with time as in (6) owing to the ethylene oxide being used up. Exact kinetic measurements to establish this hypothesis are not possible, as ethylene oxide and acetaldehyde are adsorbed on the catalyst to form an organic deposit which reduces the activity of the catalyst.
In one experiment (537) ethylene oxide was admitted to the oxygenated catalyst for 1 min. which was the time required to reach the point of inflexion. The quantity of ethylene found by analysis showed th at the first part of the reaction, up to the point of inflexion, is not due to a rapid reaction between ethylene oxide and adsorbed oxygen. In this experiment, 2-6 mm. of ethylene oxide were transformed into ethylene, and 4-1 mm. to carbon dioxide. In the following experiment, in which fresh ethylene oxide was allowed to react on the now largely deoxygenated catalyst, at completion 18-0 mm. had gone to ethylene and 18-9 mm. to acetaldehyde or via it to carbon dioxide. Thus in experiment 537, if the carbon dioxide is all produced via acet-aldehyde, one would have expected about 4*1 mm. of ethylene. When allowance is made for the reoxidation of part of this ethylene, and for the fact th at the reaction C2H 40 -> C2H 4 4-0 ads is probably slower on an oxygen covered surface than on a clean surface, it is thus very probable th at almost all the carbon dioxide formed in experiment 537 has come via acetaldehyde.
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115 tim e (m in .) F ig u r e 4. P re s s u re -tim e c u rv e fo r re a c tio n o f e th y le n e o x id e w ith (a) a n a d s o rb e d o x y g e n la y e r, (6) a c le a n c a ta ly s t.
A number of experiments were made to check the analyses and also to find out the quantity of organic deposit on the catalyst. Complete analysis showed the same discrepancy between the water and the carbon dioxide as was found in the case of ethylene. When the freshly oxygenated catalyst is first treated with ethylene oxide, the amount of water in the products is less than equivalent to the carbon dioxide; with further treatments the reverse is true. The discrepancy is due to adsorption by the catalyst, and the nature of the adsorbed layer changes as it increases in amount. The first deposit consists largely of hydrogen, probably in an elementary form, which later on is displaced by a more carbonaceous layer. The deposit has thus no very definite composition; in quantity it is very much greater than that formed from ethylene.
At the end of each series of experiments, the deposit was burned off by heating the catalyst in oxygen at a temperature of 270-300° C overnight. Measurement of the carbon dioxide and water formed, together with the analyses of the products of each experiment, enabled total carbon and hydrogen analyses to be made. The very good agreement which was found between these and also between these and the amounts of ethylene oxide admitted to the reaction vessel justifies one in thinking th at the substances analysed have been correctly identified.
The effect of pretreating the catalyst with hydrogen was examined. In this tre a t ment all the adsorbed oxygen was removed, and in addition 9-1 mm. of hydrogen were adsorbed. This adsorbed hydrogen had little effect on the reactions occurring, except th at it combined with some of the oxygen formed from the ethylene oxide, with the result th at the amount of carbon dioxide produced was less than in other experiments. A total of 8*1 mm. of the adsorbed hydrogen was recovered.
G. H. Twigg
Kinetics of the reaction between ethylene and adsorbed oxygen I t is possible, in an approximate way, to use the increase of pressure with time, which occurs when ethylene reacts with an adsorbed layer of oxygen, to examine the kinetics of the direct reaction of ethylene to carbon dioxide.
The three main reactions can be expressed by the overall equations
C2H 4 + 60ads -> 2COa 4-2H20 ,
C2H40 + 50 ads -> 2C02 + 2H20 .
Of these, the second and third produce an increase in pressure. Since the amount of ethylene oxide formed has been shown by analysis (table 2) to be small, the increase in pressure is a measure mainly of the second reaction. Equation (6) expresses only the beginning and end of this reaction, and it must be made up of a series of steps. Since none of the intermediates is produced in detectable amounts, all of these steps except the first are relatively fast, and the rate of pro duction of carbon dioxide is the rate of this first slow step, which can be represented by the equation C2H 4 + %Oad8 -> X .
I t is the kinetics of this step which will be obtained from measurements on the increase in pressure.
The first relationship sought is th at between the rate of reaction and the fraction 6 of the surface covered by oxygen. The latter is related to the increase in pressure, but owing to the fact th at some of the hydrogen in the ethylene is retained by the catalyst as noted previously, this relationship is complex. I t can be derived if the not unreasonable assumption be made th at a constant fraction a of the hydrogen from the ethylene is returned to the gas phase as water. Then, if P4and p x represent the pressures of ethylene initially and at time t respectively, p 2 the pressure of ethylene oxide, andp3 (= |C 0 2 since only a negligible quantity of carbon is adsorbed) the quantity of ethylene transformed into carbon dioxide and water, the following equations hold:
The mechanism of the catalytic oxidation of ethylene. I I where p is the total pressure at time t. Hence the increase in pressure is tip -P -Tx = (1 + 2 and at completion Ap -( 1 +
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If E is the quantity of oxygen measured in mm. pressure in the reaction vessel required completely to cover the catalyst surface, the quantity of oxygen initially on the catalyst is + = R0 + ip2+{ f^) Sp
Since the quantity of ethylene oxide formed is always small, this can be written approximately
The value of g is obtained from the equation
where E60 is determined from analysis of the products of reaction at the end of the experiment. From table 2 it can be seen th at slightly more than half the hydrogen appears in the gas phase as water. Taking a as 0*6, g has the value 1*18 which is in rough agreement with the values of g found in the experiments of table 6. These equations can now be applied to reaction 6. The quantity of carbon dioxide formed via ethylene oxide is small enough to be neglected, and so the kinetic equation for reaction 6 can be written approximatelŷ
It will be shown that this equation is actually w = B^0K <n > Substituting from above, this becomeŝ
where
On integration this becomes 13) since the change in the ethylene pressure during an experiment is relatively small. Consequently, if the kinetic equation (10) has the form assumed (11), a straight line should be obtained on plotting 1 /(Ap -8p) against time. Figure 5 shows a typical result; straight lines were obtained over a wide range. There was a general tendency for the line to curve upwards towards the end of the experiments when 6 had fallen to below about one-fifth of its original value; this is not surprising in view of the approximations made and may indicate th at the oxidation via ethylene oxide is more important when 6 becomes small. The experi ments thus show that the rate of the direct oxidation of ethylene to carbon dioxide is proportional to the square of the adsorbed oxygen concentration. tim e (m in .) F ig u r e 5. K in e tic s o f re a c tio n o f e th y le n e w ith a n a d s o r b e d o x y g e n la y e r.
A^S^~A p ~(
Experiments made at varying ethylene pressures established that approximately the rate of reaction was proportional to the ethylene pressure.
A number of experiments between ethylene and adsorbed oxygen films was made in which the quantity of oxygen on the catalyst initially was varied. This was done by allowing the catalyst to come to equilibrium with varying pressures of oxygen, ranging from 3 to 750 mm. (table 5 ). The unexpected result was found, th at the velocity constant K of equation (13), though constant in any one experiment, was dependent on the initial value of 6; the value of K falls as 60 increases. This is illu strated by the figures in table 5, particularly those at temperatures of 285 and 302° C. This phenomenon appears to be a characteristic of the silver catalyst, as it has also been found in experiments on the rate of evaporation of oxygen. I t is illustrated again by one experiment (384) in which an oxygen film (B60 = 7-5 mm.) was evapor ated into vacuum until the adsorbed concentration had fallen to R0 = 3-7 mm.; the film was then cleaned up with ethylene at 263° C, and the velocity constant K for this reaction was 4-34 x 10~3 corresponding not to R0 = 3-7 but to R0 between 7 and 9 judged from table 5. This type of behaviour has been found in other kinetic experiments with adsorbed oxygen.
The mechanism of the catalytic oxidation of ethylene. I I e x p e r im e n t n u m b e r p^m m . ) An approximate value was found for the energy of activation of the reaction between ethylene and adsorbed oxygen. The constant was derived from K by the formula given above; R was determined from measurements of the adsorption isotherms of oxygen; it equals 10-0 mm. at 263° C. (This work will be published shortly.) From the values of B x corresponding to similar values of R60 at the three temperatures, estimates of the energy of activation were made. These can only be very approximate, but the value of 10 + 3 kcal. can be accepted as substantially correct.
Discussion

G. H. Twigg
These experiments with oxygen films have established the following scheme of reactions: When ethylene reacts with oxygen adsorbed on the catalyst, part of it is converted by the addition of a single oxygen atom into ethylene oxide (2); another part of it is oxidized to carbon dioxide and water (5), via some intermediates which have not been isolated but which are presumably extremely easily oxidized. The rate of this direct reaction is proportional to the square of the concentration of adsorbed oxygen atoms. There is no way of finding from the present experiments the kinetic order of the reaction producing ethylene oxide, but it seems reasonable to assume th a t the reaction is first order with respect to the adsorbed oxygen concentration. This difference in kinetics accounts for the fact th at the ratio of ethylene oxide to carbon dioxide in the clean-up experiments is less than th at found in reactions between ethylene and gaseous oxygen (cf. P art III) when a considerable amount of oxygen has been removed from the catalyst. In the clean-up experiments during most of the reaction there is more oxygen on the catalyst than during reactions between ethylene and oxygen, thus favouring the direct reaction to carbon dioxide. The kinetics of the direct oxidation (5) suggest th at the reaction involves two adsorbed oxygen atoms per ethylene molecule. I t may be possible to represent this process as follows:
A g A g A g A g whereby two formaldehyde molecules are formed, which are then further oxidized. When ethylene meets a single oxygen atom, ethylene oxide is formed, viz. I t is probable th at the ethylene in these reactions is not adsorbed on the catalyst, or only very weakly adsorbed. There is no measurable adsorption when ethylene is put in contact with the catalyst, nor is there any appreciable carbonacqpus deposit recoverable on heating the catalyst in oxygen. Thus the reactions represented by (A) and (B) are between gaseous ethylene, or at most ethylene adsorbed by weak van der Waals forces, and adsorbed oxygen atoms. The fact th at no hydrogenation of ethylene occurs on the silver catalyst, though it adsorbs hydrogen, supports this view. I t has been shown (Twigg & Rideal 1940) th at in hydrogenation, the ethylene requires to be adsorbed on the catalyst a t two points by the opening of the double bond. I t is probable th a t the small amount of carbonaceous deposit found after the clean-up by ethylene comes from the ethylene oxide formed. The hydrogen taken up by the catalyst in this reaction must come from one of the intermediates in the direct oxidation (5), for if it came from the ethylene oxide it would be accompanied by more carbon. I t therefore seems possible th at the catalyst can remove hydrogen from one of the intermediates, and it is suggested tentatively th at the series of reactions following on (A) above may be CH20 -> 2Hads + COads, The reactions of ethylene oxide are more difficult to unravel. The most surprising of these is the production of ethylene from ethylene oxide. This presumably takes place through a reversal of the reaction (B) by which it is formed.
The present experiments and those of P art I s h o w th at ethylene oxide is catalytically isomerized to acetaldehyde (3) which is capable of very rapid oxidation to carbon dioxide and water (4). The intermediate steps in this last reaction are not known, though it may be that the power of the catalyst to split off hydrogen plays an important part.
The question of whether there is any direct oxidation of ethylene oxide to carbon dioxide and water (6) is somewhat difficult to settle. Exact kinetic measurements are not possible owing to the complexity of the reactions and also to the fact th at the catalyst is continuously being covered with an organic deposit. It seems, how ever, th at an approximate answer can be obtained by linking up the production of ethylene by reaction 7 with the isomerization (reaction 3). If it is assumed in the first place th at these two reactions are not affected by the amount of oxygen on the catalyst, then an increase in the ratio of carbon dioxide plus acetaldehyde to ethylene in the case of an oxygenated catalyst, compared with this ratio for a deoxygenated catalyst, would indicate direct oxidation of the ethylene oxide. The increase found is small, and when allowance is made for a possible reduction in rate of reaction 7 when the catalyst is covered with oxygen, and also the reoxidation of the ethylene, then it appears that very little, if any, ethylene oxide undergoes direct oxidation to carbon dioxide; this is in agreement with the flow experiments (Part I). Thus, the existence of reaction 6 in the scheme outlined above is somewhat doubtful.
